Introduction
Plants live in constantly changing environments that are often unfavorable or stressful for growth and development. These adverse environmental conditions include biotic stress, such as pathogen infection and herbivore attack, and abiotic stress, such as drought, heat, cold, nutrient deficiency, and excess of salt or toxic metals like aluminum, arsenate, and cadmium in the soil. Drought, salt, and temperature stresses are major environmental factors that affect the geographical distribution of plants in nature, limit plant productivity in agriculture, and threaten food security. The adverse effects of these abiotic stresses are exacerbated by climate change, which has been predicted to result in an increased frequency of extreme weather (Fedoroff et al., 2010) . How plants sense stress signals and adapt to adverse environments are fundamental biological questions. Further, improving plant stress resistance is critical for agricultural productivity and also for environmental sustainability because crops with poor stress resistance consume too much water and fertilizers and thus greatly burden the environment.
For drought and salt stress, it is helpful to distinguish the primary stress signals from secondary signals caused by too little water or too much salt. The primary signal caused by drought is hyperosmotic stress, which is often referred to simply as osmotic stress because a hypo-osmotic condition typically is not a significant problem for plant cells. Salt stress has both osmotic and ionic or ion-toxicity effects on cells. The secondary effects of drought and salt stresses are complex and include oxidative stress; damage to cellular components such as membrane lipids, proteins, and nucleic acids; and metabolic dysfunction. Although some cellular responses ensue from primary stress signals, others arise primarily from secondary signals. Thus drought and salt have unique and overlapping signals. An important feature of drought and salt stress is that the hyperosmotic signal causes the accumulation of the phytohormone abscisic acid (ABA), which in turn elicits many adaptive responses in plants (Zhu, 2002) .
Here, I review what is known about stress sensors and the roles of organelles in stress sensing and responses. I will also review recent developments in elucidating the signaling pathways for ionic stress, osmotic stress, ABA, and temperature stress. This Review will focus on how SNF1/AMPK-related protein kinases and other kinases are activated and how these kinases may be connected to upstream sensing mechanisms and to downstream changes in gene expression, metabolism, physiology, growth, and development.
Stress Sensing and Putative Sensors
Because plants show specific changes in gene expression, metabolism, and physiology in response to different environmental stress conditions, it is safe to presume that plant cells must be capable of sensing various environmental signals. However, despite much effort, only a few putative sensors have been identified. The difficulty seems to lie in the functional redundancy in genes encoding sensor proteins such that dysfunction in one gene does not cause significant phenotypes in stress responses. Alternatively, a sensor may be essential for the plant, such that loss-of-function mutants are lethal, precluding further studies. In addition, demonstrating that a protein or other macromolecule functions as a sensor for a physical signal (e.g., change in osmotic pressure, ion concentration, or temperature) is technically very challenging, and direct experimental evidence is absent even for widely accepted osmosensors or temperature sensors in bacterial, yeast, or mammalian systems.
A putative sensor for hyperosmotic stress is the Arabidopsis OSCA1 (reduced hyperosmolality-induced calcium increase 1) (Yuan et al., 2014) . Osmotic stress agents, high salt, cold, and heat as well as oxidative stress, heavy metals, and ABA, can cause increases in the cytosolic free calcium concentration in plants, which can be detected by researchers using genetically encoded aequorin or other calcium reporters. Arabidopsis osca1 loss-of-function mutants display a reduced calcium spike compared to wild-type plants when treated with osmotic stress agents such as sorbitol and mannitol (Yuan et al., 2014) . OSCA1 encodes a plasma-membrane protein that forms hyperosmolality-gated calcium-permeable channels. Because these mutant plants do not display any drought or salt stress phenotypes, the physiological significance of OSCA1 under the stress conditions is unclear. We do not know how OSCA1 senses osmotic stress, which is expected to reduce turgor and thus may affect membrane stretching and membrane-cell wall interactions. A number of mechano-sensitive channels, including TRP, MscS-like, Piezo, DEG/ENaC, and K2P, are known in non-plant systems (Arnadó ttir and Chalfie, 2010; Hedrich, 2012) . Animal TRP channels are well-known calcium channels that can sense changes in the membrane caused by fluctuations in temperature or osmotic pressure (Arnadó ttir and Chalfie, 2010) . Plants lack TRP and DEG/ENaC genes but contain a family of MscS-like proteins and one Piezo homolog (Hedrich, 2012) . One of the MscS-like proteins in Arabidopsis, MSL8, is required for pollen to survive hypo-osmotic shock during hydration, suggesting MSL8 as a sensor of hypo-osmotic stress-induced membrane tension (Hamilton et al., 2015) . Plants also have a large family of cyclic nucleotide-gated channels (CNGCs) as well as a family of glutamate receptor-like (GLR) channels that are potentially very important in generating cytosolic Ca 2+ signals under stress (Swarbreck et al., 2013) . Another putative stress sensor is COLD1, which was recently reported to mediate cold stress sensing in rice. COLD1 is required for chilling (0-15 C) tolerance in the Nipponbare subspecies of rice (Ma et al., 2015) . COLD1 is a transmembrane protein in the plasma membrane and ER and interacts with RGA1, the alpha subunit of the sole heterotrimeric G protein in plants.
The authors speculated that COLD1 may regulate a calcium channel or is itself a cold-sensing calcium channel (Ma et al., 2015) . It is unclear how COLD1-mediated calcium signaling leads to chilling tolerance.
Both cold and heat can change the fluidity of cellular phospholipid membranes (Sangwan et al., 2002) . This change may be sensed by integral membrane proteins, including channels and various other transporters and membrane-anchored receptorlike kinases (RLKs). Heat stress may also be sensed by molecular chaperones that bind to misfolded proteins caused by heat denaturation (Scharf et al., 2012) . The binding of misfolded proteins would release heat-stress transcription factors from the chaperones, allowing the heat-stress transcription factors to activate heat-responsive genes. Recently, H2A.Z-containing nucleosomes were suggested to be a thermosensory apparatus in plants and yeast (Kumar and Wigge, 2010) . The authors proposed that H2A.Z-containing nucleosomes wrap DNA more tightly than H2A-containing nucleosomes and that elevated temperatures increase the expression of heat shock proteins (HSPs) and other genes by dissociating H2A.Z nucleosomes to make DNA more accessible to Pol II transcription. This is an attractive hypothesis that remains to be further tested.
Sensing of Organellar Stress
Stress sensing is often compared to ligand perception, so it is frequently thought to occur on the cell surface or at the cell membrane. Then, the signal would be relayed to various subcellular locations such as the nucleus. Theoretically, physical stress signals, particularly temperature signals, may be sensed anywhere in the cell, as long as the stress signal causes a change in the status of the cellular component (protein, DNA, RNA, carbohydrate, or lipid) or compartment (e.g., metabolic reaction in a compartment), and as long as that change then affects other cellular components or activities. Stress-induced changes in protein folding in the ER, referred to as ER stress, are now widely recognized as an important cellular response to stress conditions. Similarly, there is stress associated with other organelles such as the chloroplast, mitochondrion, peroxisome, nucleus, and cell wall, and the stress-generated signals from all organelles are integrated to regulate stress-responsive gene expression and other cellular activities to restore cellular homeostasis ( Figure 1A) . ER Stress Both biotic and abiotic stress can cause protein misfolding or the accumulation of unfolded proteins, which is sensed as ER stress by specific sensor proteins in the ER membrane. This sensing leads to the expression of genes encoding chaperones and other proteins important for enhancing protein folding capacity, ERassociated degradation (ERAD), or protein translation suppression to reduce the amount of synthesized proteins loaded to ER via the PKR-like ER eIF2a kinase (Walter and Ron, 2011) . These changes help restore ER homeostasis, i.e., the equilibrium between protein-folding demands and folding capacity, and are known as the unfolded protein response (UPR), a conserved stress response in eukaryotes (Walter and Ron, 2011) . Two main types of sensors of ER stress have been identified in plants: ER membrane-associated transcription factors and an RNAsplicing factor (Liu and Howell, 2016) (Figure 1B ). The basic leucine zipper bZIP28 may sense heat and other ER stress agents through its interaction with the chaperone protein BIP (binding immunoglobulin protein) in the ER. Unfolded or misfolded proteins accumulate under stress, and these proteins can interact with BIP, which releases bZIP28 for transport to the Golgi, where it is cleaved. Its cytosolic portion then relocates to the nucleus to activate the expression of stress-response genes to restore ER homeostasis. bZIP28 may also sense other changes that promote its release from BIP, including alterations in energy charge levels and redox status or interactions between BIP and the DNAJ domain-containing protein chaperone (Liu and Howell, 2016) . bZIP17 can be activated by salt stress in a similar manner. In addition, several ER-or plasma-membraneassociated NAC transcription factors can be activated by ER stress and contribute to UPR (Liu and Howell, 2016) . The second type of ER stress sensor in plants is IRE1, a splicing factor conserved from yeast to metazoans. Presumably, plant IRE1 proteins bind to unfolded proteins and sense ER stress in a manner similar to that of their yeast homolog. Activated IRE1 in Arabidopsis recognizes and splices bZIP60 mRNA and perhaps other target mRNAs. The splicing of bZIP60 mRNA by IRE1 results in a bZIP60 variant that can enter the nucleus to activate UPR genes (Liu and Howell, 2016) .
Chloroplast Stress
The chloroplast is an organelle where photosynthetic electron transport and many metabolic reactions take place; the metabolic balance in chloroplasts is easily perturbed by environmental stresses. A disturbance in chloroplast homeostasis is communicated to the nucleus through retrograde signals so that all cellular activities can be adjusted and coordinated according to the ability of the stressed chloroplast to supply sugar and other compounds ( Figure 1C ). The chloroplast is a major site for the production of ROS including superoxide anion, hydrogen peroxide, hydroxyl radical, and singlet oxygen (Mignolet-Spruyt et al., 2016) . Various environmental stresses, particularly high light stress, exacerbate ROS production, which overwhelms ROS-managing systems and generates various secondary messengers.
Singlet oxygen triggers a signaling pathway that requires EXECUTER (EX1) and EX2, two nuclear-encoded proteins in the thylakoid membrane of chloroplasts (Wagner et al., 2004) . The Arabidopsis fluorescent (flu) mutant produces a burst of singlet oxygen at dark-to-light transitions because it accumulates the chlorophyll precursor protochlorophyllide. The accumulation of singlet oxygen triggers dramatic changes in nuclear gene expression and causes chlorosis and cell death in wild-type but not in ex mutants (Wagner et al., 2004) . Whether EX1 and EX2 directly sense singlet oxygen and how these proteins relay the singlet oxygen signal to the nucleus need resolution. Singlet oxygen-triggered signal also occurs independently of EX1 and EX2, possibly through non-enzymatic oxidative breakdown products of b-carotene (Ramel et al., 2012) .
High light and other stresses can also cause increases in the level of the plastid metabolite methylerythritol cyclodiphosphate (MEcPP), a precursor of isoprenoids. MEcPP functions as a retrograde signal to activate the expression of stress-responsive nuclear genes that encode plastid proteins (Xiao et al., 2012) . Another plastid metabolite important for stress responses is the phosphonucleotide 3 0 -phosphoadenosine 5 0 -phosphate (PAP). PAP levels increase following drought and high light stress (Estavillo et al., 2011) . SAL1/FRY1 is a bifunctional phosphatase that can dephosphorylate both inositol phosphates and PAP (to AMP), and its dysfunction causes PAP accumulation. PAP inhibits 5 0 to 3 0 exoribonucleases, contributing to the enhanced expression of a subset of drought-and high light-responsive genes and to altered drought resistance (Estavillo et al., 2011) . In addition to PAP and MEcPP, other chloroplast metabolites, such as the tetrapyrroles (Noré n et al., 2016) and oxidative breakdown products of b-carotene (Ramel et al., 2012) , have been proposed as retrograde signals. How stress modulates the levels of MEcPP, PAP, tetrapyrroles, and other retrograde signaling metabolites is not well understood.
Mitochondrion and Peroxisome Stress
Like chloroplasts, mitochondria and perhaps even peroxisomes can generate retrograde signals that are important for stress responses. Mitochondria and peroxisomes produce ROS and many metabolites, some of which may serve as retrograde signals (Ng et al., 2014) . Dysfunction in a mitochondrial DEXH box RNA helicase or mitochondrial pentatricopeptide repeat protein causes ROS accumulation and altered responses to the plant stress hormone ABA . A defect in the mitochondrial complex I also enhances ROS accumulation and causes the mutant plants to have reduced expression of cold-responsive genes and to exhibit chilling and freezing sensitivity (Lee et al., 2002) . Similarly, mutations in CHY1, which encodes a peroxisomal beta-hydroxyisobutyryl (HIBYL)-CoA hydrolase needed for valine catabolism and fatty acid beta-oxidation, also cause ROS accumulation and impair cold-responsive gene expression and freezing tolerance (Dong et al., 2009) . ROS signals from mitochondria and peroxisomes may modulate cold stress responses by affecting calcium signaling.
Cell-Wall Stress
In plants, the primary cell wall consists of cellulose fibrils interconnected by hemicellulose tethers, such as xyloglucan and arabinoxylan, and embedded in a pectin gel (Tenhaken, 2014) . The wall also contains phenolics; peroxidases, pectin esterases, and other enzymes; extensins, expansins, and other proteins; and Ca
2+
. Salt, drought, and other osmotic stress treatments can cause ROS accumulation and other changes in the cell wall (Tenhaken, 2014) . Accumulation of ROS can cause crosslinking of phenolics and cell-wall glycoproteins such as extensins, resulting in cell-wall stiffening. On the other hand, stress upregulates the expression of expansins and xyloglucan-modifying enzymes that can remodel the wall (Tenhaken, 2014) . In addition, salt stress can also cause the wall to lose Ca 2+ . Recently, cell-wall stress has been proposed to trigger dedicated signaling pathways analogous to the fungal cell-wall integrity (CWI) pathway (Voxeur and Hö fte, 2016; Jendretzki et al., 2011) . In yeast, cellwall stress is sensed by the wall-associated plasma-membrane proteins Wsc1-3, Mid2, and Mtl1 (Jendretzki et al., 2011) . How these sensors detect cell-wall deformations is not known. Because these proteins all contain a large O-mannosylated extracellular domain rich in serine and threonine residues, these proteins may function as mechanosensors. Downstream of these sensors are GDP/GTP exchange factors, small GTPase Rho1, protein kinase C, and a MAPK cascade (Jendretzki et al., 2011) . The identities of plant cell-wall stress sensors are unclear. However, plants have hundreds of RLKs and other kinases with an extracellular domain, a transmembrane domain, and a cytoplasmic kinase domain, so many candidates exist to sense cell-wall perturbations. Cell-wall perturbations greatly affect plant stress resistance. A subtle cell-wall defect caused by dysfunction in the putative pectin biosynthesis enzyme AtCSLD5 in the Arabidopsis sos6 (salt overly sensitive 6) mutant results in oxidative stress and greatly increased sensitivity to osmotic treatments and salt and drought stress (Zhu et al., 2010) . Recently, Endler et al. identified two proteins in the cellulose synthase complex that help connect the complex to microtubules and are important for plant growth under salt stress (Endler et al., 2015) . Much remains to be elucidated about stress-induced physical and chemical alterations in the cell wall, how these alterations are sensed and signals are transduced, and the output of the CWI pathway in plants.
Ionic Stress Signaling
Soil salinity affects a substantial percentage of cultivated land and is a significant factor limiting agricultural productivity worldwide. High salt levels cause ion toxicity (mainly Na + ), hyperosmotic stress, and secondary stresses such as oxidative damage (Zhu, 2002) . It is not known how Na + is sensed in any cellular system. In the yeast Saccharomyces cerevisiae, the calcineurin pathway plays a major role in Na + stress signaling and tolerance (Thewes, 2014 The activated phosphatase dephosphorylates the zinc finger transcription factor CRZ1, which then moves to the nucleus to activate the expression of ENA1 and other target genes. ENA1 encodes a Na + -ATPase that pumps the toxic Na + out of the cell, thus restoring ion homeostasis. Plant genomes do not encode any calcineurin proteins, even though the name calcineurin B-like (CBL) has been widely used to refer to a family of plant EF-hand calcium-binding proteins (Yu et al., 2014) . Plants instead use a calcium-dependent protein kinase pathway known as the SOS pathway for salt stress signaling and Na + tolerance (Zhu, 2002) (Figure 2 ). In this pathway, the EF-hand calciumbinding protein SOS3 senses the cytosolic calcium signal elicited by salt stress. SOS3 interacts with and activates SOS2, a serine/threonine protein kinase. SOS3 is preferentially expressed in the root, and an SOS3 paralog, SCaBP8/CBL10 mainly expressed in the shoot, performs a role equivalent to that of SOS3 (Quan et al., 2007) . The activated SOS2 phosphorylates and activates SOS1, a Na + /H + antiporter at the plasma membrane (Zhu, 2002) .
SOS1 is expressed in root epidermal cells and xylem parenchyma cells, so that activated SOS1 can extrude Na + into the soil solution and load Na + into the xylem for long-distance transport to leaves by the transpirational stream (Shi et al., 2002; Zhu et al., 2016) . The long-distance role of SOS1 is only partly understood because SOS1 is also expressed in the xylem parenchyma in leaves where its function is unclear. Perhaps there is a Casparin strip-like structure in the xylem parenchyma cells in leaves that prevents the xylem stream from directly entering the apoplastic space of mesophyll cells. As a consequence, SOS1 may function to extrude Na + from the xylem parenchyma cells into the apoplastic space of mesophyll cells. A prediction of this model is that SOS1 may preferentially localize on the side of the cell facing the mesophyll apoplastic space. HKT1 is another important transporter with a critical role in long-distance Na + transport (Mä ser et al., 2002) . HKT1 in Arabidopsis is a Na + importer also expressed in xylem parenchyma cells and other cells in the vasculature throughout the plant (Mä ser et al., 2002) . In roots, HKT1 may unload Na + from the xylem to restrict the amount of Na + in the transpirational stream. In leaves, HKT1
is proposed to load Na + into the phloem for recirculation back to the root. Dysfunction in any of the SOS genes, including SOS1, greatly increases the sensitivity of the mutant plants to salt stress (Zhu, 2000) . In fact, the SOS genes were discovered because of the SOS (salt-overly-sensitive) phenotype of these mutants (Zhu, 2000) . Mutations in HKT1 cause obvious salt-stress sensitivity in transpiring plants but can suppress the salt sensitivity of sos mutants grown in culture media where there is minimal transpiration (Rus et al., 2004) . How the apparently antagonistic functions of SOS1 and HKT1 are coordinated remains an important question in salt-stress research. It is unclear whether SOS1 and HKT1 are expressed in exactly the same cells in the vascular system. Overall, SOS1 seems to promote Na + transport from roots to leaves, whereas HKT1 seems to restrict this movement. The importance of these two transporters in long-distance Na + transport may depend on the severity of salt stress. Under mild salt stress, it may be advantageous for the plant to activate SOS1 in xylem parenchyma cells to deliver more Na + to leaves where Na + can be stored in the large vacuoles of mesophyll cells for cellular osmotic adjustment to facilitate growth. Under severe salt stress, however, high levels of Na + delivered to leaves may exceed storage capacities, and thus Na + must be unloaded from the root xylem and also recirculated back from leaves to roots using HKT1. Several SOS3-like calcium-binding proteins are phosphorylated by their interacting SOS2-like protein kinases, and the phosphorylation appears important for the activation of the kinases by the calcium-binding proteins (Du et al., 2011) . In the resting state or under non-stress conditions, SOS2 interacts with 14-3-3 proteins to ensure that SOS2 is inactive (Zhou et al., 2014) . In addition, SOS2 interacts with the type 2C protein phosphatase ABI2, which may keep SOS2 inactive (Ohta et al., 2003) .
The SOS pathway was the first abiotic stress-signaling pathway established in plants (Zhu, 2000) . The central signaling component, SOS2, represents a large family of protein kinases whose catalytic domain is similar to the yeast sucrose nonfermenting 1 (SNF1) and mammalian AMP-activated kinase (AMPK). In Arabidopsis, these proteins are generally referred to as SNF1-related kinases (SnRKs). SnRKs have 3 members in subfamily 1 (SnRK1s), 10 members in subfamily 2 (SnRK2s), and 25 members in subfamily 3 (SnRK3s) (Hrabak et al., 2003) . Each of the 25 SnRK3s (aka PKSs or CIPKs), which include the founding member SOS2, interacts with one or more members of the family of 10 SOS3-like calcium-binding proteins (SCaBPs, aka CBLs) (Guo et al., 2001 ). The interaction is mediated through a common motif known as FISL in the N-terminal regulatory region of the kinases (Guo et al., 2001) . Deletion of the FISL motif or the entire regulatory region leads to constitutive activation of the kinases (Guo et al., 2001 ). The large number of possible SCaBP/CBL-PKS/CIPK combinations suggests that the Ca 2+ -SOS3-SOS2 signaling principle is widely used in plants. Indeed, the CBL-CIPK module is important for various abiotic stresssignaling pathways where calcium serves as a second messenger and particularly where regulation of ion transporter activities is involved (Figure 2 ). For example, low potassium stress, which presumably triggers a cytosolic calcium signal, ac- tivates CIPK23 via CBL1 and CBL9 to phosphorylate and activate the potassium channel AKT1 (Xu et al., 2006) . SCaBP1 interacts with and activates PKS5/CIPK11 and PKS24/CIPK14, which phosphorylate and inhibit H + -ATPase on the plasma membrane. This inhibition is important for cellular pH regulation (Fuglsang et al., 2007) . CBL2 and CBL3 function redundantly with their interacting proteins CIPK3/9/23/26 to regulate Mg 2+ sequestration in the vacuole that is important for tolerance to high Mg 2+ stress (Tang et al., 2015) . Other CBL-CIPK combinations are known to regulate various transporters important for plant responses to nitrate, ABA, or other abiotic stresses (Yu et al., 2014) .
Osmotic Stress Signaling
Plants have large families of MAP kinase pathway components, which can combine to form thousands of MAP kinase modules. For example, Arabidopsis contains over 60 MAP kinase kinase kinases (MAP3K), 10 MAP kinase kinases (MAP2K), and 20 MAP kinases (MAPK) (de Zelicourt et al., 2016) . The rapid activation of multiple MAPKs, including MAPK3, 4, and 6, has long been observed in plants in response to biotic as well as abiotic stimuli such as salt, drought, cold, heat, and wounding and in response to growth and developmental signals (de Zelicourt et al., 2016) . The challenge in defining MAPK-signaling pathways for abiotic stress remains in the identification of upstream sensor proteins, in the identification of MAP3Ks and MAK2Ks that are responsible for the MAPK activation, and in connecting the kinase activation to downstream effector proteins and physiological outputs. It is still unclear whether a MAPK pathway similar to the yeast high osmolarity glycerol (HOG) MAPK pathway (Hohmann, 2002 ) may function to mediate osmoregulation in plants.
Perhaps the salt-and drought-activated MAPKs are activated mainly by stress-triggered secondary signals rather than by the primary osmotic stress signal. Salt, drought, and osmotic stress treatments also rapidly activate the SnRK2 family of protein kinases. In Arabidopsis, all 10 SnRK2s except SnRK2.9 are activated by osmotic stress, and SnRK2.2/3/6/7/8 are also activated by ABA (Boudsocq et al., 2004) . Although the mechanism by which ABA activates the SnRK2s has been elucidated (see section below), how osmotic stress activates the kinases is not known. Genetic evidence shows that tolerance to osmostic stress requires SnRK2s because decuple Arabidopsis mutant plants with all 10 SnRK2s disrupted are very sensitive to osmotic stress inhibition of growth (Fujii et al., 2011) . The decuple snrk2 mutant plants are impaired in osmotic stress regulation of a large number of genes and in the accumulation of ABA, the compatible osmolyte proline, and the second messenger IP 3 , but they are unaffected in the osmotic stress-induced accumulation of ROS. These results suggest that SnRK2 activation is upstream of ABA accumulation and that this activation also controls osmotic adjustment and other adaptive responses to osmotic stress (Figure 3 ). Future efforts should be directed at finding upstream components important for SnRK2 activation under osmotic stress conditions and at identifying substrate proteins of osmotic stress-activated SnRK2s. Because osmotic stress triggers a cytosolic calcium signal and because the calcium channel OSCA1 is a putative osmosensor (Yuan et al., 2014) , candidate factors upstream of the SnRK2s include calcium-responsive kinases such as CPKs and SCaBP/CBL-PKS/CIPKs (Figure 3 ). In the moss Physcomitrella patens, recent work showed that a Raf-like kinase is critical for SnRK2 activation by both osmotic stress and ABA (Saruhashi et al., 2015) . It will be of interest to determine whether and how similar kinases may integrate osmotic stress and ABA signaling in higher plants.
Osmotic as well as temperature stress cause the generation of various lipid signals including phosphatidic acid, phosphoinositides, sphingolipids, lysophospholipids, oxylipins, N-acylethanolamines, and many others (Hou et al., 2016) . How stress regulates biosynthesis enzymes to generate the lipid signals is not well understood. In general, the lipid molecules bind to signaling proteins and affect their activity and membrane associations. 
ABA Signaling
The ABA-signaling pathway is central to drought-and salt-stress responses in plants (Zhu, 2002) . One of the most important advances in stress signaling in the past decade has been the identification of ABA receptors and the elucidation of the core ABA-signaling pathway. Chemical genetics and protein-interaction studies led to the identification of the PYR/ PYL/RCAR (hereafter referred to as PYL) family of soluble, START domain proteins as receptors for ABA Ma et al., 2009) . PYLs bind ABA with K D in the micromolar range, though the binding affinity is increased by nearly 100-fold in the presence of clade A PP2Cs, such as ABI1, ABI2, HAB1, and PP2CA. Therefore, these PP2Cs can be considered as co-receptors ). In the absence of ABA, the PP2Cs are associated with SnRK2 kinases including SnRK2.2, 2.3, and SnRK2.6 (aka OST1), which keeps the kinases inactive by blocking their catalytic cleft and by dephosphorylating the activation loop (Soon et al., 2012) . ABA enters the central hydrophobic pocket of PYLs and induces the gate and latch loops to close and lock the pocket, creating a binding surface for the PP2Cs (Melcher et al., 2009) . Inside the PYL-ABA-PP2C complex, a tryptophan residue in PP2C is inserted into the ABA-binding pocket and locks ABA tightly in place. The protein phosphatase activity of PP2C in the complex is inhibited by the ABA-PYL ). This binding and inhibition of the PP2Cs by ABA-PYLs releases the SnRK2s from association with and inhibition by the PP2Cs. The released SnRK2s are activated through autophosphorylation and can then phosphorylate many downstream effectors (Figure 3) . The small GTPase ROP11 interacts with and protects ABI1 from inhibition by PYL9 (Li et al., 2012) . In turn, ABI1 and the other PP2Cs protect the GTP exchange factor RopGEF1 from ABA-induced degradation, thus forming a RopGEF-ROP-PP2C control loop that may counteract leaky ABA signaling by monomeric PYLs in the absence of stress .
Much redundancy exists in the functions of Arabidopsis PYLs, although each PYL may have unique biochemical properties and expression patterns. Knockout of PYL8 leads to ABA insensitivity in lateral root-growth recovery from stress inhibition . The role of PYL8 in regulating lateral root growth is independent of the core ABA-signaling pathway because PYL8 directly interacts with MYB77, and this ABAinduced interaction enhances MYB77-dependent transcription of auxin-responsive genes . Similarly, PYL6 interacts with MYC2, a key transcription factor in jasmonate responses and thus connects ABA and jasmonate pathways (Aleman et al., 2016) . Single-gene mutations in most other PYLs do not result in drastic ABA phenotypes. In contrast, pyr1prl1ply2pyl4 quadruple mutant plants are insensitive to ABA in germination and seedling growth , and pyr1pyl1pyl2prl4ply5pyl8 mutant plants are even more resistant to ABA in not only germination and seedling growth but also stomatal closure (Gonzalez-Guzman et al., 2012) .
ABA strongly activates SnRK2.2, SnRK2.3, and SnRK2.6/ OST1 and weakly activates SnRK2.7 and SnRK2.8 (Boudsocq et al., 2004) . The snrk2.2/3/6 triple mutant in Arabidopsis is extremely insensitive to ABA in seed germination, seedling growth, stomatal closure, and gene regulation ). Many effector proteins of ABA responses are direct substrates of SnRK2 kinases. bZIP transcription factors such as ABI5 and ABFs (ABA-responsive element-binding factors) are phosphorylated by the SnRK2s (Furihata et al., 2006) . Much of the ABA signaling occurs at the plasma membrane. The association of PYLs with the plasma membrane is mediated by their interaction with C2 domain proteins (Rodriguez et al., 2014) . Plasma-membrane proteins such as the anion channel SLAC1 are SnRK2 substrates that mediate ABA-induced stomatal closure and reduce transpirational water loss under drought stress (Geiger et al., 2009) . Recent phosphoproteomic studies identified dozens of additional SnRK2 substrate proteins, including several proteins important for chloroplast function, flowering time control, miRNA and chromatin regulation, and RNA splicing (Wang et al., 2013) . The PYL-PP2C-SnRK2 core ABA-signaling module activates a MAPK cascade comprised of the MAP3Ks MAP3K17/18, the MAP2K MKK3, and the MAPKs MPK1/2/7/14, which may regulate many ABA effector proteins through phosphorylation (de Zelicourt et al., 2016) .
ABA-activated SnRK2s also phosphorylate the plasma-membrane NADPH oxidase RbohF, which when phosphorylated generates O 2 À in the apoplastic space. The O 2 À subsequently forms H 2 O 2 , a signaling molecule that mediates various ABA responses, including stomatal closure (Sirichandra et al., 2009) . ABA induction of ROS in guard cells is impaired in Arabidopsis pip2;1 mutant plants, indicating that apoplastic H 2 O 2 can enter cells via the aquaporin PIP2;1 (Grondin et al., 2015) . The MAP kinases MPK9 and MPK12 function redundantly in anion-channel regulation in guard cells downstream of ROS and affect ABA regulation of stomatal closure (Jammes et al., 2009) . Another important component that connects ABA signaling and ROS is the plasma-membrane RLK GHR1 (Hua et al., 2012) (Figure 3 ).
GHR1 interacts with and activates SLAC1. GHR1 is critical for ABA and ROS regulation of stomatal closure. Interestingly, GHR1 function is antagonized by ABI2 but not by ABI1 . H 2 O 2 could also modulate the calcium signal to affect ABA responses, and GHR1 is required for H 2 O 2 activation of plasma-membrane Ca 2+ channel . Calcium signaling is critical for ABA regulation of stomatal closure, and mutant plants defective in four redundant calcium-dependent protein kinases, CPK5, CPK6, CPK11, and CPK23, are incapable of closing stomata in response to ABA (Brandt et al., 2015) . Like the SnRK2s, CPKs can phosphorylate effectors (including SLAC1) of ABA responses in guard cells (Geiger et al., 2010; Brandt et al., 2015) . Furthermore, ABA-triggered calcium signal can activate the CBL1/9-CIPK26 module to cause phosphorylation of effector proteins such as RbohF (Drerup et al., 2013 ). In addition to inducing H 2 O 2 and calcium signals, ABA triggers the generation of nitric oxide (NO) and phospholipids such as phosphatidic acid (Hou et al., 2016) (Figure 3) . NO causes the S-nitrosylation of a cysteine residue adjacent to the catalytic site of SnRK2s, resulting in inactivation of the kinases . NO also causes tyrosine nitration and S-nitrosylation of cysteine residues in PYLs (Castillo et al., 2015) . Tyrosine nitration inhibits PYL activity and also accompanies polyubiquitylation and proteasome-mediated degradation of PYLs. Phosphatidic acid contributes to ABA signaling by binding to and activating RbohD and RbohF (Zhang et al., 2009) . Therefore, the in vivo regulation of SLAC1, Rbohs, and other effectors of ABA responses in plants requires a network of signaling pathways that include not only the PYL-PP2C-SnRK2 core pathway but also other pathways that involve calcium, ROS, NO, phospholipids, and the other kinases described above (Figure 3 ).
Cold and Heat Stress Signaling
Cold stress greatly affects plant metabolism and transcriptomes. The effect on plant metabolism arises from both direct inhibition of metabolic enzymes by cold temperatures and reprogramming of gene expression (Chinnusamy et al., 2007) . In temperate plants, an exposure to low, non-freezing temperatures enhances the tolerance to subsequent freezing temperatures, a process known as cold acclimation. Cold stress rapidly induces the expression of many transcription factors, including the AP2-domain proteins CBFs, which then activate the expression of numerous downstream cold-responsive (COR) genes (Chinnusamy et al., 2007) . The CBF genes are controlled by upstream transcription factors, including the bHLH transcription factor ICE1. ICE1 is subjected to sumoylation and polyubiquitylation and subsequent proteasomal degradation, mediated by the SUMO E3 ligase SIZ1 and ubiquitin E3 ligase HOS1, respectively (Chinnusamy et al., 2007) . Cold-stress induction of the CBF and COR genes is gated by the circadian clock, whose activity is modulated by diurnal oscillation of the plastid retrograde signal tetrapyrroles (Noré n et al., 2016) . Ding et al. (2015) recently reported that cold stress activates SnRK2.6/OST1 and that SnRK2.6 interacts with and phosphorylates ICE1 to activate the CBF-COR gene-expression cascade and freezing tolerance. Furthermore, cold-activated SnRK2.6 disrupts the interaction between ICE1 and HOS1 to prevent ICE1 degradation. The reported cold-stress activation of SnRK2.6 is independent of ABA, although the activation is negatively regulated by ABI1 and other PP2Cs. Therefore, the activation presumably does not involve PYL ABA receptors. There is discrepancy in the reported cold activation of SnRK2.6, given that Boudsocq et al. (2004) reported that none of the 10 Arabidopsis SnRK2s is activated by cold stress. Teige et al. (2004) showed that the Arabidopsis MAP2K MKK2 is activated by cold and salt stress and controls COR gene expression and plant tolerance to freezing and salt stress. MKK2 is downstream of the MAP3K MEKK1 and upstream of MPK4 and MPK6, which are activated by various stresses including cold temperatures. Pharmacological studies indicate that membrane fluidity and cytoskeleton and calcium influx are involved in cold-stress regulation of COR genes and MAPKs (Sangwan et al., 2002) . The receptor-like kinase CRLK1 may connect cold-stress-induced calcium signaling with the MAPK cascade because CRLK1 binds to calcium and calmodulin, interacts with MEKK1, and is requisite for cold-stress activation of MAPK activities (Yang et al., 2010 ). It appears that cold stress affects membrane fluidity, which may be sensed by plasma-membrane proteins such as calcium channels or associated proteins, resulting in calcium influx and activation of calcium-responsive protein kinases (CPKs, CIPKs, and CRLK1) and the MAPK cascade, which regulate COR gene expression (Figure 4 ). In the future, it will be necessary to use genetic, molecular, and biochemical analyses to clarify the roles of these kinases and the relationships among them as well as between them and SnRK2.6 in cold-stress signaling.
Heat stress induces the expression of HSPs, many of which function as molecular chaperones to prevent protein denaturation and maintain protein homeostasis (Scharf et al., 2012) . Like mammalian heat stress transcription factors (HSFs), plant HSFs are released from association with and inhibition by the HSP70 and HSP90 chaperones as a result of the binding of the chaperones to misfolded proteins caused by heat stress, and thus the HSFs are made available to activate heat stress responses (Scharf et al., 2012) . Heat stress also activates MAPKs, which modulate HSP gene expression (Sangwan et al., 2002) . The MAPK activation may be linked to heat-induced changes in membrane fluidity and calcium signaling that are important for HSP gene expression and thermotolerance (Sangwan et al., 2002) . Common features between cold-and heat-stress signaling are not limited to membrane fluidity changes, calcium signaling, and MAPK activation but also include the involvement of ROS, NO, phospholipid signals, protein sumoylation, and proteosomal degradation (Chinnusamy et al., 2007; Scharf et al., 2012) .
Systemic Signaling
Pathogen infection and wounding trigger systemic responses in plants. Similarly, abiotic stresses such as drought, salt, cold, heat, and high light also elicit systemic responses such that locally applied stress causes responses not only locally but also in distal tissues, resulting in systemic acquired acclimation (SAA). SAA involves long-distance electrical and hydraulic signals as well as calcium and ROS waves (Choi et al., 2014; Miller et al., 2009 ). Stress-triggered calcium and ROS waves can move at speeds that exceed 1,000 mm per second as visualized in transgenic plants expressing calcium-sensitive fluorescent protein (Choi et al., 2014) and luciferase reporter driven by a ROSresponsive promoter (Miller et al., 2009) , respectively. Calcium and ROS waves have been shown to cause transcriptional responses in distal tissues (Choi et al., 2014; Miller et al., 2009) . ROS waves require the plasma-membrane NADPH oxidase RbohD (Miller et al., 2009) , whereas calcium waves depend on the vacuolar ion channel TPC1, which may be involved in calcium-induced calcium release (Choi et al., 2014) . RbohD is phosphorylated by the calcium-dependent protein kinase CPK5, which can be activated by ROS and is required for systemic defense responses (Dubiella et al., 2013) . A model that emerges is that ROS generated by NADPH oxidases triggers a cytosolic calcium signal to activate more NADPH oxidases via calciumresponsive kinases, thus generating a self-propagating mutual activation circuit between ROS and calcium signals ( Figure 5 ). H 2 O 2 generated by RbohD may enter cells through a plasmamembrane-intrinsic protein/water channel (PIP) (Grondin et al., 2015) , and its activation of the plasma-membrane calcium channel likely requires GHR1 or a similar RLK. The plasma-membrane calcium channel that is activated by ROS has not been identified. In addition, it is unclear how the calcium and ROS waves may be linked to long-distance electrical signals.
Conclusions and Perspectives
Cell signaling in response to salt, drought, and the stress hormone ABA largely depends on the SnRK family of protein kinases in plants. SnRKs are related to the yeast SNF1 and mammalian AMPK, which are key sensors of cellular energy status (Hardie et al., 2016) . In plants, abiotic stresses diminish the energy supply by inhibiting photosynthesis and energy-releasing catabolic reactions. So, SNF1/AMPK-related kinases proliferated and diversified during evolution to mediate the signaling of various abiotic stresses. SnRK1s are SNF1/AMPK orthologs that function in regulating metabolism in plants. All SnRK2s participate in osmotic stress and ABA signaling, whereas SnRK3s are key regulators of ion homeostasis required to cope with salt and nutrient stress in soil. Many of these stress-signaling pathways also involve the calcium-dependent protein kinase CPKs, which share homology to SnRKs in their kinase domains (Hrabak et al., 2003) . In addition, virtually all of the stress pathways also involve MAPKs, which is a conserved feature of stress signaling in organisms from fungi to plants and metazoans. Other conserved features include the widespread use of calcium, ROS, NO, and lipid molecules as second messengers, although the generation and signal transduction of the second messengers are different in plants.
Identifying stress sensors remains an important but challenging goal for abiotic stress research in plants. Efficient gene-editing technologies and chemical genetic approaches will help overcome the gene redundancy problems that prevent the genetic identification of stress sensors. The growing appreciation of the importance of various cell organelles in stress sensing and responses and the dispersed stress-sensing model (Figure 1 ) will also help us understand stress sensing and stress resistance, although the integration of signals from perturbed organelles is still poorly understood. Because plant stress responses must be coordinated with growth and development, it is important to understand the crosstalk between stresssignaling pathways and hormonal as well as growth and developmental signaling pathways. Similarly, more attention should be directed toward plant responses to simultaneous, multiple abiotic stresses and to the crosstalk between abiotic and biotic stress signaling because much of the abiotic stress research thus far has been carried out on sterile plants grown in culture media in the laboratory; in nature, however, plants co-exist with insects and microorganisms. The root and shoot microbiomes presumably include many beneficial bacteria and fungi that help plants resist stress. Understanding how bacteria and fungi enhance plant stress resistance should increase our ability to use these beneficial organisms and should also increase our understanding of stress resistance in plants. Boudsocq, M., Barbier-Brygoo, H., and Lauriè re, C. (2004) . Identification of nine sucrose nonfermenting 1-related protein kinases 2 activated by hyperosmotic and saline stresses in Arabidopsis thaliana. J. Biol. Chem. 279, 41758-41766. 
